We present a simple method to quantify the magnitude of luminescent coupling (LC) between stacked 8 subcells in multijunction photovoltaic devices. The effect of luminescence produced at high-band-gap 9 subcells on underlying low-gap units within the same device can be directly accessed as a measurable open-10 circuit voltage difference by comparing two photovoltage spectra. Additionally, our study unambiguously 11 identifies LC as the modulation mechanism across multijunction solar cells generating a response from 12 buried subcells in photoreflectance measurements. DOI: 13 I. INTRODUCTION 14 Multijunction solar cells (MJSCs) based on III-V semi-15 conductors are currently the most efficient devices for 16 photovoltaic energy conversion [1]. Despite its technological 17 complexity, monolithic integration is the standard procedure 18 in the design of these devices, by which subcells based on 19 semiconductors of different energy band gaps are electrically 20 connected in series with tunnel junctions, by piling up a 21 multilayer structure. The resulting two-terminal devices are 22 56 The implications of LC in the characterization, operation, 57 and optimization of MJSCs are currently a matter of active 58 research [4-8]. In what follows, we propose a simple 59 method of quantifying LC as a measurable photovoltage 60 generated at low-gap subcells. This approach has two 61 distinct advantages: It (i) can easily be implemented in 62 current setups for standard MJSC characterization and 63 (ii) provides direct access to the magnitude of quasi-64 Fermi level splitting of subcells operating under LC effects, 65 from which the optoelectronic response can be predicted. 66 II. THEORETICAL BACKGROUND 67 The proposed method is based on the measurement of the 68 photovoltage generated in the device under two different 69 pump-and-probe illumination sources. From Shockley's 70 diode equation, the open-circuit voltage can be expressed 71 as a function of the photogenerated currents. For multi-72 junction devices, the overall open-circuit voltage expres-73 sion, considering a single-diode model for each subcell, will 74 include the summation of as many diode terms as junctions 75 forming the device. Each diode term consists of a log factor, 76 containing the currents, multiplied by a prefactor, the 77 product of the corresponding diode ideality factor n and 78 the thermal voltage kT=q. For example, the photovoltage of 79 a two-junction solar cell can be expressed as * dfuertes@ies-def.upm.es
convenient for subsequent electrical connection and module 23 processing but complicate the characterization and quality 24 assessment of specific parts or individual junctions within the 25 device. Nonetheless, current-voltage (J-V) characteristics, 26 quantum efficiency (QE), and electro-or photoluminescence 27 are routinely used in MJSC characterization, providing 28 useful information of the optoelectronic properties of the 29 subcells [2, 3] . Monolithic integration imposes, in addition, 30 characteristic constraints on the operation of devices, par-31 ticularly concerning current matching between subcells 32 under a given spectrum, in order to optimize its performance. 33 Such constraints, affecting a large number of layers in the 34 structure, translate into a tight set of growth and material 35 parameters. Ideally, the grower would count with a bunch of 36 characterization techniques that would permit independent 37 assessment of each part of the device; however, such 38 parameters are very often interrelated, affecting other parts 39 in the device and complicating any separated diagnostics 40 attempted. 41 One subtle difficulty in the optimization and characteri-42 zation of subcells for current matching is luminescent 43 coupling (LC): Band-to-band radiative recombination 44 events at top cells generate light that can be reabsorbed 45 at underlying lower-gap subcells and effectively contribute 46 to the photocurrent. This additional photocurrent must be 47 thus accounted for when designing high-efficiency devices, 48 as to ensure operation as close as possible to current 49 matching. As LC depends on the actual operation point 50 of top cells, no single solution in the form of a closed set of 51 parameters is expected as to ensure optimal performance 52 under arbitrary illumination conditions. Still, the availabil-53 ity of a simple and reliable diagnostics tool capable of 54 quantifying the magnitude of LC and the associated 55 increase of photocurrent resulting from it is of high value. The effect of more than a single illumination source 87 inducing photogeneration on the photovoltage of a given 88 subcell is illustrated in Fig. 1 V OC in region III as The first term on the right (probe spectrum in region II) is Fig. 4 
